Abstract-The influence of the size of anti-notches on the domain wall propagation in Permalloy nanowires with edge taper is investigated. The critical magnetic fields and current pulses required for a domain wall to pass a symmetrical circular anti-notch obstacle were estimated by high-resolution in-situ Kerr microscopy experiments and by micromagnetic simulations. The nanowires, made using electron beam lithography and ion beam etching, had an average width of 220 nm and the anti-notches consisted of circular features that increased the wire width from 5% to 35%. The critical magnetic flux densities for domain walls to pass the obstacles increased with anti-notch diameter, from 0.6 mT to 3.4 mT in the simulations and 0.3 mT to 1.5 mT in the experiment. The critical current densities ranged from 0.5 × 10 12 A/m 2 to 10 × 10 12 A/m 2 in the simulations, with a strong dependence on the domain wall type, but the experiment yielded higher critical current densities of 6 × 10 12 A/m 2 to 25 × 10 12 A/m 2 .
I. INTRODUCTION
Magnetic domain wall (DW)-based nanowire devices for nonvolatile memory applications, in which DWs are manipulated by magnetic fields, have been demonstrated for domain wall logic devices [Allwood 2005 ], gear-less rotary counters [Diegel 2009 ] and have been proposed to replace conventional data storage by utilizing spintorque effects [Parkin 2015] . For these applications, control of DW motion and location in the nanowire can be accomplished by introducing pinning sites such as notches or anti-notches into the wires, which act depending on their geometries as potential wells or potential barriers, respectively [Chandra Sekhar 2011] . Pinning may be defined as static pinning, the magnetic field or current needed to detach a DW from a pinning site, or dynamic pinning, the field or current needed to propagate a moving DW past a pinning site. Most studies that quantify pinning have been carried out on notched Ni 80 Fe 20 (Permalloy, Py) nanowires, but anti-notches (ANs), in which the wire width increases locally, show different pinning behavior compared to notches [Kunz 2010] .
Interactions between DWs and asymmetric ANs (those where the shape of the anti-notch is different on the two sides of the wire) have been demonstrated both experimentally and in modeling work. These interactions depend on the chirality of the DW [Kunz 2010 , Chandra Sekhar 2011 , Petit 2008 . In contrast, interactions between DWs and symmetric ANs are expected to be independent of the DW chirality. Furthermore, periodic ANs have been found to reduce the switching field in magnetic nanostructures by promoting reverse domain formation [Herrmann 2000 ], and they enhance domain wall velocity by suppressing Walker breakdown [Burn 2013 , Lewis 2010 . Systematic investigations of the effect of the size of the AN on DW pinning have been made using micromagnetic simulations for field-driven [Kunz 2010 ] and current-driven [Noh 2012] Corresponding author: E. Lage (lage@mit.edu). Digital Object Identifier 10.1109/LMAG.2016.2536668 DW propagation. Experimental work, such as imaging of domains, has illustrated the effect of AN size on the field-driven depinning behavior [O'Shea 2008] . Comprehensive comparisons of field-and current-driven behavior including experiments and simulations can be found for notches [Hayashi 2006 , Lepadatu 2009 but not for ANs, and most work on ANs has been carried out on triangular, rectangular, or semicircular geometries [Bogart 2009 , Sandweg 2008 . Nanowires (NWs) are generally assumed to have a rectangular cross-section, but fabrication can lead to tapered nanowires, i.e., with a trapezoidal cross-section. Tapering is predicted to yield a higher Walker breakdown (WB) threshold and to stabilize transverse domain walls (TW) at greater widths [Zhang 2015] compared to NWs with a rectangular cross-section. Furthermore, tapering lowers the threshold field or current density necessary for a DW to overcome pinning in the form of notches or anti-notches [Basith 2011 ]. This letter examines the effect of symmetrical circular ANs on the field-and current-driven DW propagation in tapered Ni 80 Fe 20 nanowires by systematically varying the AN width in order to investigate how geometrical changes and the reduced current density at the AN affect DW pinning. The study compares experimental data obtained by in-situ magneto-optical Kerr effect (MOKE) microscopy with micromagnetic simulations.
II. EXPERIMENT AND SIMULATION METHODS

A. Sample Preparation
The structures consisted of Py nanowires shaped like canes consisting of a 3/4 annulus with an attached long wire (Fig. 1) . The annulus allows for the precise placement of a DW along the ring segment by applying an in-plane field [Rothman 2001 ]. The nanowires were fabricated from a film consisting of a trilayer of 0.5 nm Ta/7.5 nm Py/3 nm Ta grown by means of ion beam sputtering at a base pressure lower than 1 × 10 −7 Torr. Following the procedure from Currivan et al. [2014], the film was then coated with a double resist layer of polymethyl methacrylate (PMMA) and hydrogen silsesquioxane (HSQ). The patterns were exposed via electron beam lithography, developed, then used as a hard-mask for Ar ion beam etching to define structures in the Ta/Py/Ta. An N-methyl-2-pyrrolidone (NMP) bath was used to remove the PMMA/HSQ hardmask after etching, facilitated by the solubility of the PMMA which enabled lift-off of the insoluble HSQ. Ion beam etching rather than lift-off was preferred as it gave features with low edge roughness, and produced tapered wires with a trapezoidal cross-section. Their width at the top surface was 160 nm and at the base was 280 nm [ Fig. 1(c) ].
An array of cane-shaped nanowires was fabricated, each with an AN of different size defined by the parameter R = 2r/w where r is the average radius of the circular AN and w is the average width of the nanowire. Average width is defined as the width of the feature halfway between the base and the top surface [ Fig. 1(b) ]. R ranges from 1.0 (no AN) to 1.35. In the simulation and experiment, the increment in R, R, was chosen to be 0.05 and 0.025, respectively. A top view of a tapered AN is depicted in Fig. 1(c) . To provide electrical contacts to the nanowires, a single PMMA resist layer was patterned via a second electron beam lithography step, then a 0.5 nm Ta/100 nm Au bilayer was deposited and patterned by lift-off. A low-resistance electrical contact between the Ta/Py/Ta and the overlaid Ta/Au was ensured by a short Ar ion beam etch step to partially remove the 3 nm Ta capping layer immediately before Ta/Au deposition. In the experiment, a ground line crossed the cane-shaped structure on one side of the AN and a signal electrode was placed on the opposite side, as seen in the SEM micrograph in Fig. 1(a) .
B. Micromagnetic Simulations
Simulations were carried out using the MuMax3 micromagnetic code with a cell size of (2.5 nm) 3 , a Gilbert damping α = 0.02, a non-adiabatic parameter β = 0.1, a saturation magnetization M s = 860 × 10 3 A/m, and an exchange stiffness A Ex = 13 × 10 −12 J/m [Vansteenkiste 2014 ]. The simulation consisted of a segment of the wire of 1.25 μm length around the center of the AN with boundary conditions simulating an infinite wire. The tapering was included by modeling the wire as three layers of cells with different widths (top: 160 nm and bottom: 287.5 nm). Two different initial configurations were modeled. A head-to-head wall was formed as either a transverse or as a vortex wall (VW) and relaxed, shown in the insets of Fig. 2(a) . Comparison of the DW energies at T = 0 K showed that the TWs represented a slightly lower energy state in the tapered wires. Both TW and VW were initially centered on the left-hand side of the AN.
External magnetic fields with flux densities in 0.1 mT increments were applied to determine the dynamic pinning field, the field needed to move the TW and VW past the AN. For the current-driven simulations, the variation of current across the AN had to be approximated. At remanence after saturation parallel to the wire, the magnetization followed the curved contour of the circular AN. The amplitude of the current density was adjusted according to the increased cross-section in the AN, shown in the insets in Fig. 2(b) . The arrows represent the orientation of the electron flow while the color intensity expresses the current density. The current densities in the simulations were increased in steps of 0.5 × 10 12 A/m 2 .
C. Characterization Procedure
A head-to-head domain wall was first created in front of the AN and driven past the AN by an electron flow or magnetic field. The critical currents or fields at which the DWs passed the obstacle were noted for various AN sizes. The experiments were carried out using a MOKE microscope in longitudinal mode [McCord 2015 ] with a 1.3 numerical aperture oil immersion objective lens. In a first step, a remanent magnetization state was obtained by applying an in-plane saturation field perpendicular to the long section of the nanowire. A pair of DWs was formed, one adjacent to the obstacle and a second one on the opposite diameter of the curved section of the nanowire. The image of this magnetic domain state was then subtracted from that of the remanent magnetic domain state with opposite magnetization obtained after applying a reversed field. Fig. 1(d) shows the resulting differential MOKE image where the dark contrast indicates a change of the magnetization direction from left-to-right and white contrast a right-to-left change. Thus, the dark-bright contrast indicates head-tohead DWs between the vaguely visible electrodes and tail-to-tail DWs in the lower segment of the ring. This starting configuration was used as a reference to detect the movement of the DW near the AN after applying single current pulses of 40 ns duration and varying voltages, as well as a sequence of 10 pulses with a repetition rate of 10 Hz. The The current distribution is depicted in the inset of (b) with the shading proportional to current density. (c) DW configurations: i. TW pinned at R = 1.05; ii. TW pinned at R = 1.35; iii. VW after passing R = 1.05 under a field of 0.6 mT; iv. VW after passing R = 1.05 with a current of 0.5 × 10 12 A/m 2 ; v. VW after passing R = 1.35 with a field of 3.3 mT; and vi. VW after passing R = 1.35 with a current density of 10 × 10 12 A/m 2 . VWs passing the obstacle remain in the VW configuration with a shifted core for the R = 1.05 obstacle, but transform to TWs for larger ANs.
state after application of the current pulses was then itself used as a reference to compare with an image taken after applying an external magnetic field to recreate the initial state. The latter step was performed to verify the reversal of the section of the wire between the electrodes under current pulsing. Similarly, measurements were made after applying a magnetic field along the wire in order to drive the domain wall past the obstacle.
III. RESULTS
A summary of the results from the simulations is given in Fig. 2 , showing that the critical driving forces scale monotonically with the obstacle size. For field-driven DW propagation, TWs and VWs yielded similar field values, with the VWs typically requiring lower (by ∼0.1 mT) applied fields to traverse the ANs. The case of a wire without an AN (R = 1.00) showed unhindered DW propagation for the lowest fields of 0.1 mT. For both current-and field-driven DW motion, when DWs were pinned, their centers were located on the right-hand side of the obstacle [ Fig. 2(c) , i. and ii.]. One can conclude that the expansion of the domain wall necessary to overcome the AN acts less as an energy barrier than the pinning of the domain wall at the concave corner where the circular AN meets the wire. While the TWs preserved their structure, the VWs showed a shift of their cores and evolved into TWs upon passing the AN [ Fig. 2(c), iii. and v.] . No typical Walker breakdown behavior was identified in the investigated field range on reference models of straight tapered wires, i.e., the simulations represent sub-threshold field-driven motion of the DWs.
The current-induced domain wall motion yielded greater differences between TWs and VWs. Fig. 2(b) shows that there was a linear dependence between AN size and critical current density for TWs. The VWs, on the other hand, showed a nonlinear dependence. For the smallest AN with R = 1.05, the VW propagated past the AN core at 0.5 × 10 12 A/m 2 [ Fig. 2(c) , iv.] and its vortex core was displaced towards the lower edge of the wire. This current density is well below the Walker breakdown threshold of 7.0 × 10 12 A/m 2 for a smooth wire. For ANs with R ≥ 1.10, the critical current density increased (but with diminishing slope) with R, and the core of the VW was further displaced until the VW transformed into a TW [ Fig. 2(c), vi. ]. The TWs did not revert into VWs on further propagation, which is likely a result of the energetically unfavorable nucleation of a vortex core at the thin tapered wire edges. The trend in critical current density with R is assumed to result from changes in the DW type and in the current density and the curvature of the AN [Lepadatu 2009 ], and not by the occurrence of WB behavior as observed by Kunz and Priem [2010] . Fig. 3 shows exemplary MOKE images illustrating the experimental data. Fig. 3(a) and (b) shows the results obtained from a current-driven experiment for R = 1.125. The images show the annulus and the straight wire (highlighted with dashed lines) and the position of the ground and signal electrode (overlaid pale polygons). In Fig. 3(a) , the darker contrast below the black arrow indicates a change in magnetization direction from left to right after application of a single current pulse of 40 ns with 13 × 10 12 A/m 2 . Fig. 3(b) shows the state after application of an external magnetic field.
The brighter contrast in the same location (below the white arrow) indicates a change in magnetization and thus confirms the reversal of that area. In both cases, the switching is confined to the segment between the initial head-to-head wall and the signal electrode, which includes the AN. The temperature change due to the current pulse can be estimated from the expression from You et al. [2006] as approximately 140 • C, but this is likely an overestimate since it assumes heat dissipation occurs via the metal-substrate and metal-air interfaces. The model parameters were: current density J = 10 12 A/m 2 ; substrate diffusivity μ s = 8.8 × 10 −5 m/s; wire resistivity σ w = 1.38 × 10 7 ( m) −1 ; substrate density ρ s = 2328 kg/m 3 ; substrate heat capacity C s = 700 J/kg/K; Gaussian width scaling factor α = 0.605.
In the experiment, the wires were immersed in oil, which provides a better heat sink. Despite the temperature rise, the direction and repeatability of the DW motion suggest thermally assisted spin transfer torque DW motion rather than thermally activated random motion. Fig. 3(c) shows the magnetic reversal caused by an external magnetic field of 1.5 mT along the wire starting from the initialized state for an AN with R = 1.25. The dark contrast indicates switching of the entire straight part of the wire from left to right magnetization direction. The DW propagates beyond the electrode, unlike the current-driven reversal.
The experimental results for the critical magnetic flux and current density are plotted in Fig. 4(a) and (b) , respectively. The experiment confirms that ANs with larger R have higher critical driving forces. The sample with R = 1.20 did not follow the trend and had a much higher critical field and current than the others. SEM inspection showed that it had structural differences from the others, which probably originated from artifacts due to particle contamination during the lithography. Fig. 4(a) shows that the measured critical magnetic field is smaller than the simulated results by a factor of ∼3, which is in good agreement with a study of wires with asymmetrical ANs [Basith 2011 ]. However, the experiment gave a critical field of 0.2 mT in a wire without an AN, suggesting the edge roughness provides pinning in the absence of an AN. The simulations correspond to zero temperature, precluding thermally activated DW motion which could explain the higher switching fields in the model. The measured critical current density for the sequence of 10 pulses, 40 ns long with a repetition rate of 10 Hz, is given in Fig. 4(b) as a function of R. The critical current densities lay in the range of 6 × 10 12 A/m 2 to 20 × 10 12 A/m 2 (neglecting the data for R = 1.20). Similar measurements using single pulses showed a critical current density up to 12% larger than the result for the series of 10 pulses. This difference was the size of the increment in current between measurements and lay within the error bar, but it did occur consistently and may be attributed to a lower temperature increase for the single pulse as compared to the series of pulses.
In contrast to the field-driven DW motion, the measured critical currents were about 3 times larger than the simulated values. This could be accounted for by a lower spin polarization in the experiment compared to the value of 0.56 used in the model. Furthermore, the increase in resistivity of the NW at elevated temperatures and shunting through the substrate were not considered. Those would lower the effective current density and explain the higher currents observed in the experiment. Additionally, the data shows a higher slope around R = 1.20 and plateau-like behavior for higher values of R with current densities of approximately 15 × 10 12 A/m 2 , which seems to be high enough to force DWs through the obstacle regardless of its dimension. The simulated current densities are lower and thus the obstacle size has a greater effect.
IV. CONCLUSION
A magneto-optical method was used to measure the critical field and critical current to move a domain wall past a symmetrical circular anti-notch in a tapered magnetic wire. There was a monotonic increase in the critical fields and currents both in micromagnetic simulations and for the experimental results. Simulations predicted similar critical fields for vortex and transverse walls, but VWs showed a generally larger critical current, and for larger anti-notches they transformed into TWs after depinning from the anti-notch. Experimental data agreed qualitatively with the predicted critical fields and currents, but gave finite critical fields and currents for NWs without anti-notches as a result of intrinsic pinning or roughness. Further, the simulations overestimated the critical field and underestimated the critical current density. The trapezoidal cross-section of the NWs is expected to be beneficial for DW devices because it delays Walker breakdown and promotes TWs [Kläui 2005 ]. This work shows how tunable pinning can be introduced into such tapered wires in which the symmetric AN shape avoids the risk of device failure due to current crowding and overheating that can occur when notches are used as DW pinning sites.
